Objective: Sensory neuropathies often involve small-diameter myelinated and unmyelinated nerve fibers, and neurologic and electrophysiologic findings may be normal unless larger nerve fibers are involved. The small (intra)epidermal nerve fibers (ENFs) now can be visualized with immunohistochemical techniques using the panaxonal marker anti-protein gene product 9.5 (PGP 9.5). Using this technique, the authors have established a reference range for ENF in a healthy white population and evaluated the reliability of the method. Methods: Two punch biopsies, 3 mm in diameter, were taken from the distal part of the leg in 106 healthy volunteers (mean age, 49.0 Ϯ 19.6 years). Fifty-micrometer frozen thick sections were incubated with rabbit polyclonal antibodies to human PGP 9.5. The number of ENF/mm then was reported as the mean of counts in six sections (three sections from each of the two biopsies). Results: The mean number of ENFs was 12.4 Ϯ 4.6 mm. In a multiple regression model, the density of ENF depended on age and gender (Y ϭ 13.92 ϩ 2.25 (gender) Ϫ 0.06 ϫ age). The mean difference in ENF by intraobserver analysis was 0.2 Ϯ 1.2 ENF/mm, and by interobserver analysis, it was 0.4 Ϯ 1.5 fibers/mm. Conclusion: Normal means and ranges for the density of epidermal nerve fibers in a reference population have been established. The density of epidermal nerve fibers decreases with age and is lower in men compared with women. Intraobserver and interobserver analysis proves the reliability of the method.
Peripheral neuropathy (PN) may involve largediameter myelinated and small-diameter nerve fibers. The function of the fast-conducting largediameter fibers can be evaluated by testing deep tendon reflexes and muscle strength, whereas nerve conduction velocity studies (NCVs) give a more accurate measure of large-diameter nerve fiber function. The small-diameter myelinated A␦-and unmyelinated C-fibers can only be tested indirectly by measuring the temperature sense and the threshold for heat pain and cold pain and by different autonomic tests.
The clinical characteristics of neuropathies involving small-diameter fibers are reduced sensitivity to thermal pain and temperature and a paradoxical sensation of temperature and feeling of burning pain. In patients with PN, all types of nerve fibers are usually involved, but selective pathologic processes influencing only small-diameter nerve fibers can sometimes occur. [1] [2] [3] These patients will have no neurologic deficits except impairment of pain and temperature sensation or no abnormal NCVs unless larger nerve fibers are involved.
No easy feasible test to confirm small-diameter nerve fiber dysfunction existed until recently. By immunostaining the neuropeptide protein gene product 9.5, it has become possible to visualize smalldiameter nerve fibers by immunohistochemical tech-niques. 4, 5 Because the small-diameter nerve fibers traverse the skin perpendicular to the epidermis, the number of epidermal nerve fibers (ENFs) per millimeter can be quantitated in punch skin biopsies, and normative reference ranges for densities of these nerve fibers have been reported. 6 The distribution density of ENF differs in various parts of the body. 1, 6, 7 By this technique, small-diameter nerve fiber neuropathy has been confirmed in patients with diabetes mellitus, 8 HIV infection, 1, 9 Fabry disease, 10 and systemic lupus erythematosus. 3 We recently have adopted and modified this technique and here report reference values, reliability of the technique, and clinical findings in a healthy population of 106 persons.
Subjects and methods. The healthy volunteers were recruited from the hospital staff, neighbors, family, and friends of the former. All were white. One hundred eight subjects (68 women and 40 men) who claimed to be healthy gave informed consent to be included in the study, which was approved by the regional research ethics committee. All participants were questioned about their use of drugs, and they were screened by blood tests for cobalamin deficiency and thyroid disease. Subjects with cobalamin deficiency, thyroid disease, alcohol or drug abuse, known neuropathy, or other chronic diseases like diabetes mellitus were excluded. In all, two subjects were excluded, one who shortly after the biopsy was shown to have diabetes mellitus and one with hypothyroidism. Thus, 106 subjects, 66 women (62%) and 40 men (38%), were included. Ages ranged from 16.0 to 92.0 years (mean, 49.0 Ϯ 19.6 years).
The skin biopsies were performed with a 3-mm disposable cir-cular punch needle (Biopsy Punch, Stiefel Laboratories Ltd., Sligo, Ireland) with a sterile technique after local anesthetizing with 2% lidocaine with adrenaline. Two biopsies were obtained from each person on the same leg in the same procedure approximately 10 cm above the lateral malleolus. The biopsies were taken from the right leg. The left leg was used if the skin on the right leg was inflamed or had scars. The specimens were fixed immediately in 2% paraformaldehyde, lysine, and periodate fixative at 4°C. After 12 to 24 hours, the biopsies were rinsed in 0.1 mol/L Sørensen buffer and placed in cryoprotectant solution of 20% glycerol/Sørensen buffer at 4°C overnight. The next day, 50-m sections were produced in a Leica CM 3050 cryostat (Wetzlar, Germany). Alternatively, mounted specimens were frozen in liquid nitrogen and stored in a freezer at Ϫ70°C for later sectioning. After cutting, the sections were stored in antifreeze solutions (mixture of 30% glycerol and 30% ethylene glycol in Sørensen buffer) for up to 1 week at Ϫ20°C before used for immunostaining. The staining procedure is described elsewhere. 3 The number of separate ENFs in at least three sections was counted, and the total length of epidermis was measured using the NIH Image 1.61 morphometry program (http:/rsb.info.nih.gov/ nih-image/). The number of nerve fibers per millimeter then was reported as the mean of counts in six sections (three from each of the two biopsies). As reported by others, 6 only the single fibers and not the branches from the same ENF were counted. One observer assessed all the biopsies, but for an evaluation of the technique, an intraobserver and an interobserver analysis were done. One section from each of 58 biopsies taken from different subjects was counted twice for the intraobserver evaluation of the technique. The same biopsy was evaluated 1 week to 2 months apart in a blinded fashion. The examiner who was a specially trained bioengineer also was blinded to the demographic data of the patients. For interobserver evaluation, one section from each of 100 biopsies taken from different subjects was evaluated. Two skilled and experienced bioengineers blinded to each other and to the demographic data of the patients evaluated the same sections in a random order.
Statistics. The frequency distribution of ENFs in the 106 subjects showed a skewness of 0.8 and a kurtosis of 0.3. Moreover, because parametric and nonparametric statistics produced identical results, this was taken as an indication of a normal distribution of data; therefore, parametric statistics were applied. Results are reported as mean Ϯ SD. Unpaired t-test (two-tailed) was used for testing differences between two groups of quantitative data. Simple and multiple regression analyses with ENF as the dependent variable were applied to test associations between number of ENF and other quantitative variables. The precision of the estimated values is given as the residual SD. The intraobserver and interobserver variability was estimated by calculating the arithmetic mean and the absolute differences between repeated measurements on the same biopsy, and agreement plots according to Bland and Altman were constructed. 11 Any systematic differences between observers or by intraobserver readings of ENF would result in the mean of the differences being significantly different from zero. The wider the scatter between the points in the direction of the y-axis, the worse the agreement will be.
Results. The men were older than the women (57.5 Ϯ 17.2 vs 43.8 Ϯ 19.2 years; p ϭ 0.0003). Altogether, 212 skin punch biopsies were performed in 106 participants (66 women and 40 men). No complications caused by the procedure were noted.
The mean number of ENFs was 12.4 Ϯ 4.6/mm (range, 4.5 to 26.5/mm). Higher numbers of ENFs were found in women compared with men (13.6 Ϯ 4.6/mm vs 10.5 Ϯ 3.9/mm; p ϭ 0.0007). In simple regression analysis, decreasing numbers of ENFs were associated with increasing age (Y ϭ 16.26 Ϫ 0.08 ϫ X; R 2 ϭ 0.11; p ϭ 0.0005). In multiple regression analysis with ENF as the dependent variable and age and gender as independent variables, increasing age and male gender were independently associated with decreasing numbers of ENF (Y ϭ 13.92 ϩ 2.25 [gender] Ϫ 0.06 ϫ age; R 2 ϭ 0.16; residual SD ϭ 2.1; figure   1 ). No interaction between age and gender was noted (p ϭ 0.16).
The intraobserver (number of sections, 100) and interobserver (number of sections, 58) reliability was assessed blindly. The mean difference in ENFs by intraobserver analysis was 0.2 Ϯ 1.2 ENF/mm. We expected 95% of the difference between paired counts to lie within Ϯ2 SD of the mean, which is defined as the limit of agreement. 11 For intraobserver variability, this limit of agreement was Ϫ2.2 to 2.6 ENF/mm (figure 2). The interobserver variability was higher than the intraobserver variability, with a mean difference in ENF of 0.4 Ϯ 1.5 fibers/mm. The limit of agreement was Ϫ3.4 to 2.6 ENF/mm ( figure 3 ). According to the plots, the intraobserver and interobserver variabili- ties are acceptable and confirm the reliability of the method in clinical practice.
Discussion. We describe normative means and variations in the density of ENFs in a healthy, Scandinavian population consisting exclusively of whites. In contrast to previous publications, we found a significant decrement of ENFs with increasing age and male gender.
It is well known that reliability testing by correlation or regression analysis is inappropriate because in this situation we are not dealing with testing of hypothesis but rather with estimation. Furthermore, ordinary correlation will not capture systematic disagreements between raters. When testing a method for its reliability either between two observers or by repeated measurements from the same observer, calculation of intraclass correlation coefficients is commonly used. An alternative approach is to construct agreement plots (Altman plot). 11 Applying this method, we evaluated the agreement with a plot of the differences against the mean and calculated the SD. The limits of agreements in the present study are acceptable for clinical practice. We found that the intraobserver variability is less than the interobserver variability, but the agreement between the two observers is good enough for evaluation of ENFs in skin biopsies by two different observers. Therefore, the technique is reproducible and reliable.
We observed a significant decrease in ENF with age. This contrasts another study in which the numbers of ENFs were independent of age, except for higher values in the youngest age group. 6 The reported data regarding the normal distribution of unmyelinated nerve fibers until recently have been scanty and conflicting. 6, 12, 13 A reduction in unmyelinated nerve fibers with age in sural nerves 12 and also a significant reduction in ENFs in skin biopsies from healthy subjects aged Ͼ60 years have been report. 14 Conversely, others have found no such correlation between the density of unmyelinated nerve fibers and age. 13 The sural nerves were obtained at autopsy, and small-diameter fibers were counted in electron micrographs. 12, 13 The majority of neurophysiologic variables and clinical neurologic symptoms and signs demonstrate an age-dependent relationship. 15, 16 There is no good reason why this physiologic principle should not apply to ENF. Our cohort may have a bias in the old age group because these subjects have been selected as survivors or "the more fit." Therefore, the age effect on the ENF density could have been even stronger in a cohort randomly selected from a registry of the entire population. Thus, we interpret our observation of age dependence as a confirmation of the validity of the method.
Earlier studies have not reported a sex-dependent difference in ENFs. We found an age-independent difference between men and women with a higher density of fibers in women, and the difference remains significant after correction for age in a multiregression analysis. By quantitative assessment of thermal and pain sensitivity, it has been shown that women in most tested locations are more sensitive than men. 17 Several other explanations for the gender difference in ENF also are possible. First, men are known to consume more alcohol than women, which could account for a neuropathic effect. Second, men also may be exposed to more occupational chemicals with neurotoxic effects than women, thus influencing ENF densities. Third, men may be exposed to more wear and tear with repetitive physical trauma on their peripheral nervous system.
In healthy subjects, the density of ENFs shows a proximal-distal gradient, and the density of ENFs is 60% higher at thigh sites compared with the distal part of the leg. 6 The mean number of ENFs in the distal part of the leg was 12.4 Ϯ 4.6/mm in our study compared with 13.8 Ϯ 6.7/mm and 14.7 Ϯ 4.9/mm in two other studies. 6, 18 The data are almost identical, but the proportion of patients aged Ͼ60 years was higher in our study.
Our results need to be replicated in more diverse samples of subjects, and studies in other ethnic groups also are recommended. 
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